The capability of polyvinyl alcohol-acrylamide photopolymer materials to obtain angularly multiplexed holographic gratings has been demonstrated [Appl. Phys. B 76, 851 (2003)]. A combination of two multiplexing methods-peristrophic and angular multiplexing-is used to record 60 holograms. An exposure schedule method is used to optimize the capability of the photopolymerizable holographic material and obtain holograms with a higher, more uniform diffraction efficiency. In addition, because of this exposure schedule method, the entire dynamic range (M#) of the material will be exploited, obtaining values of approximately M# ϳ 9 in layers approximately 800 m thick.
Introduction
We live in an age of information science and technology in which the use of computers for information processing and storage has become essential. After CD-ROMs, with a capacity to store 0.7 bits͞m 2 , and DVDs, with a capacity to store 4.5 bits͞m 2 , a new field of research has opened up in 3D holographic disks. [1] [2] [3] [4] [5] Investigations are centered on the characterization of new holographic recording materials 6 and the development of new multiplexing schedules to store information with holographic techniques. The aim of these new techniques is to enable the maximum number of bits͞m 2 to be stored. Anderson et al. 7 has managed to store 150 bits͞m 2 and Steckman et al. 8 100 bits͞m 2 . For this reason, different methods, such as angular, 4,9 -11 peristrophic, 12, 13 or shift multiplexing 8, 14, 15 are being used to store multiple holograms at the same location.
In this respect, photopolymers are considered interesting materials for recording holographic memories because they have excellent holographic characteristics, such as a high refractive index modulation of approximately 0.004 to 0.006, 16, 17 good light sensitivity, real-time image development, high optical quality, and low cost. In addition, their properties such as energetic sensitivity or spectral sensitivity can be easily changed by modifying the composition. 6, 9, 16 These materials may also have a high dynamic range depending on their thickness. The dynamic range, M#, is a parameter that describes the capacity the material has in a given experimental setup to store holograms. 4, 6, 18 For a material to be used as a holographic memory and have the maximum amount of information stored, the dynamic range must be as high as possible. The higher the dynamic range, the greater the number of holograms that may be stored at the same location with a higher diffraction efficiency.
To fully exploit the diffraction efficiency of the material used, as many holograms as possible need to be stored. In this study two different multiplexing methods are used to increase the number of holograms that may be stored at the same location. The two multiplexing methods used are peristrophic multiplexing (in which the axis is perpendicular to the sample at the intersection of the beams) and angular multiplexing (in which the axis is perpendicular to the plane defined by the two incident laser beams located at the intersection of the beams), shown in Fig. 1 . Thus if n holograms may be stored with one of the multiplexing methods and m holograms with the other, combining the two methods makes it possible to store up to nϫm holograms.
The material used to carry out this experiment is a photopolymer based on polyvinyl alcohol-(PVA-) acrylamide. 9, 16 Layers approximately 800 Ϯ 10 m thick were made, and when 60 holograms were stored, a dynamic range of M# ϭ 9 was obtained in them.
In addition to combining two multiplexing methods, the aim of this study is to obtain holograms whose diffraction efficiencies are the same and as high as possible. To achieve this, an iterative method is used to determine the exposure schedule for multiplexing holograms. 13 To calculate the exposure times necessary for all the holograms to reach the same diffraction efficiency, this method makes use of the dynamic range, the number of holograms stored in the material, the diffraction efficiency of each of the stored holograms, and the exposure energy used to record them.
In Section 2, the method of manufacturing the material is described, together with the holographic setup used to record and read the holograms. In Section 3, the angular selectivity of the material is measured to determine the angular separation required between the holograms to prevent them from overlapping during storage. The dynamic range of the material is also measured. Subsequently, an exposure schedule is used to calculate the exposure times needed to store holograms with the same, and if possible increased, diffraction efficiency.
Experimental Setup
The holograms are registered in a photopolymer composed of acrylamide (AA) as the polymerizable monomer, triethanolamine (TEA) as the radical generator, N,N'methylene-bis-acrylamide (BMA) as the crosslinker, yellowish eosin (YE) as the sensitizer, and a binder of PVA.
The introduction of BMA in the composition improves the energetic sensitivity and the diffraction efficiency of the material and, in addition, gives a greater stability to the stored grating, thereby preventing it from disappearing with time. Table 1 shows the component concentrations of the photopolymer composition.
A solution of PVA in water forms the matrix, and this is used to prepare the mixture of AA, BMA, and the photopolymerization initiator system composed of TEA and YE. The PVA is supplied by Fluka; the AA, TEA, and BMA by Sigma; and the YE by Panreac. The mixture was made under red light, deposited by gravity in circular polystyrene molds and left in the dark for 6 days to allow the water to evaporate under conditions of temperature, T, between 20°C and 25°C, and a relative humidity (RH) of 40%-60%.
These conditions of drying time, temperature, and RH were optimized to obtain the maximum diffraction efficiency in 800 Ϯ 10 m thick plates. Once dry, they were removed from the mold and placed in a 5.5 cm ϫ 5.5 cm glass support to be used for recording.
The holographic gratings were recorded by using the output from a diode-pumped frequency-doubled Nd:YAG laser (Coherent Verdi V2), which was split into two beams and then spatially filtered, by using a microscope objective lens and a pinhole, and collimated to yield a plane-wave source of light at 532 nm. The diameters of these beams were 1.5 cm and the intensity 5 mW͞cm 2 , with an intensity ratio of 1:1. The Gaussian light beams were spatially overlapped at the recording medium intersection at an angle of 17.4°(measured in air), resulting in an interference grating with a spatial frequency of 1125 lines͞mm. The diffracted intensity was monitored in real time with the He-Ne laser positioned at Bragg's angle ͑Ј ϭ 20.8°͒. To obtain the diffraction efficiency as a function of the angle at reconstruction, the plates were placed on a rotating stage. The diffraction efficiency was calculated as the ratio of the diffracted beam to the incident power (Fig. 2) .
Results and Discussion
First, the energetic sensitivity, the angular selectivity of the material and the dynamic range are measured. To calculate the energetic sensitivity, a single grating is recorded until the diffraction efficiency is saturated. Figure 3(a) shows the diffraction efficiency versus the exposure time. The maximum diffraction efficiency is reached when the material is exposed for approximately 14 s with an intensity of 5 mW͞cm 2 . But in this experiment we do not want the diffraction efficiency to reach the maximum; we want a diffraction efficiency of not more than 10%-15%. This way, Fig. 3(b) ]. From the angular selectivity it was possible to determine the angular separation necessary between the holograms to prevent them from overlapping during storage. The bandwidth of the stored holograms was approximately 0.5°. Therefore they need to be separated by this angular distance to prevent overlapping. Second, the dynamic range of the material must be measured to determine how many holograms with a specific diffraction efficiency can be stored in the material. To calculate the dynamic range M#, as many holograms as possible are recorded in the material, and the square roots of their diffraction efficiencies are added up. 4, 6, 18 In the first experiment, 60 holograms were stored at the same location, and there was interference between two plane waves. A combination of two multiplexing methods-peristrophic and angular-was used to store the holograms. By using angular multiplexing, seven holograms separated by 0.5°were stored at each peristrophic multiplexing position. Each peristrophic multiplexing position was separated by 10°, and holograms were stored at nine locations. This angular separation for peristrophic multiplexing was chosen randomly, since if we wanted to store a greater number of holograms, they could be stored with a separation of only 1°and still not overlap.
To store the 60 holograms, the exposure time to be used to record them must be decided upon. As the holograms are stored, the monomer and the dye in the material are consumed. This means that a greater exposure energy is necessary if the last holograms recorded are to have the same diffraction efficiency as the first. Therefore the exposure time used to store the holograms is as follows: 1 s for the first 20 holograms, and then 0.5 s is added for every five holograms stored. An exposure time of 1 s was taken because with this time a diffraction efficiency of approximately 7% is reached [ Fig. 3(a) ]. Figure 4 shows the diffraction efficiency obtained when the holograms are recorded with the above exposure times versus the number of holograms stored. Sixty holograms were stored with a mean diffraction efficiency of 1.8%. As can be seen, the diffraction efficiency of the first five holograms is much higher than the mean. This is because at the beginning the material is very sensitive to the exposure energy used. As the holograms are recorded, the monomer and the dye in the material are consumed and this means that a greater exposure energy is necessary to reach the same diffraction efficiency. Therefore the last holograms stored have a lower diffraction efficiency since, as all the monomer and dye have been consumed, the hologram will not be formed even though the exposure energy is increased.
From the diffraction efficiencies reached in the stored gratings we calculated the cumulative grating strength (the sum of the square roots of the diffraction efficiency ͚iϭ1
N i

1͞2
, in which is the diffraction efficiency and N is the number of holograms stored so far) and represented it as a function of exposure energy (Fig. 5) . As can be seen, when the curve is saturated the dynamic range is M# ϭ 8. From the dynamic range and the number of holograms to be stored, it is possible to determine the mean theoretical diffraction efficiency that could be reached for each of the holograms. To calculate the mean diffraction efficiency, the dynamic range M# was divided by the number of holograms and the result obtained was squared:
(1)
Therefore when M# ϭ 8 and 60 holograms are stored, a mean theoretical diffraction efficiency of 1.8% could be achieved, as was obtained experimentally.
To store the 60 holograms with the same diffraction efficiency, an exposure schedule was used to optimize the exposure energy that each hologram should receive to achieve the same diffraction efficiency. 13 The aim of this exposure schedule is to fully exploit the dynamic range of the material and divide it between all of the holograms. Therefore the exposure schedule is used to calculate the recording times necessary to achieve this uniformity. This is done as follows: First, the data obtained from Fig. 5 are fitted in the following theoretical equation: (2) where A is the cumulative grating strength and E is the exposure energy. Once the coefficients a i have been calculated, the time needed to record the holograms may be calculated from the equation
where A sat is the dynamic range obtained, N is the number of holograms to be stored, I is the recording intensity, and E i is the energy used to record up to the ith hologram. After applying the exposure schedule, the results obtained are shown in Figs. 6 and 7. Figure 6 shows the diffraction efficiency versus the angle of the seven angular multiplexed holograms for each peristrophic multiplexing position. In Figs. 6(a)-6(i) , all of the peaks representing stored holograms have been numbered in the order in which they were recorded. Thus, in Fig. 6(a) the central peak corresponds to the first hologram recorded and is therefore labeled 1. Then holograms 2-7 were recorded in the order shown in the figure. This was done because in previous experiments better results were obtained when the holograms were stored in this way. Figure 6(a) shows the first seven holograms stored in the peristrophic position 0°. As can be seen, the angular separation of 0.5°u sed to store them appears to be insufficient since there is some overlapping, although it is possible to make out the seven maxima corresponding to the seven holograms stored. Figure 6 (b) shows holograms 8 -14 (peristrophic 10°), and in this case only two holograms are seen to overlap, whereas all the others are clearly separated. In Figs. 6(c)-6(i) an angular separation of 0.5°is seen to be more than sufficient to differentiate one hologram from another. This is because, as more holograms are stored, the optical thickness of the material increases and so the angular selectivity decreases. 19 Thus, as more holograms are stored, the angular separation between them may be reduced, with the result that there is room for a greater number of holograms. Figure 6 (i) shows only four holograms stored because all the monomer and the dye in the material has been consumed. To record more holograms it would be necessary to store them with a lower diffraction efficiency.
We calculated the refractive index modulation by using Kogelnik's coupled-wave theory. To do so, each one of gratings represented in Fig. 6 was fitted by Kogelnik's theory. We obtain a ⌬n value and an optical thickness value from each grating. The total refractive index modulation will be the sum of the refractive index modulation of the independent gratings, and the optical thickness will be the median of all of them. The value obtained is ⌬n ϭ 0.0040 Ϯ 0.0005 with an optical thickness of 400 Ϯ 50 m. If the optical thickness is smaller than the physical thickness this is due to the attenuated index profile. 19 In addition, we calculate ⌬n with Eq. (4) 
where M# ϭ 8.7 Ϯ 0.1, d ϭ 400 Ϯ 50 m (optial thickness), i ϭ 11.7°Ϯ 0.1°(1͞2 angle between the writing beams internal to the medium), and ϭ 532 nm. The value obtained is ⌬n ϭ 0.0036 Ϯ 0.0005. The values of ⌬n obtained with both methods are equal if we consider the error. Figure 7 shows the diffraction efficiency of the 60 stored holograms versus the hologram number. The first holograms were stored with a diffraction efficiency close to the mean, whereas in Fig. 4 the first hologram had a diffraction efficiency higher than the mean. In this sense the results have improved considerably since, as the maximum diffraction efficiency of the first holograms decreases, more uniform results may be obtained. Moreover, the new exposure times given by the exposure schedule result in a higher mean experimental diffraction efficiency as compared with the results shown in Fig. 4 (2.0% versus 1.8%). Although the increase may seem small, it is actually quite considerable bearing in mind that in other studies the diffraction efficiency did not exceed 0.6% (Ref. 20) or 1.5%. 10 By using the data shown in Fig. 7 , the dynamic range was once again calculated and found to be M# ϭ 8.7. The value of M# has increased because the dynamic range has been more fully exploited thanks to the new recording times. With this new dynamic range, the mean theoretical diffraction efficiency that can be reached when storing 60 holograms is found to be 2.1%. As in Fig. 4 , the last holograms have a slightly lower diffraction efficiency since almost all the monomer and dye have been consumed. If we disregard the last five holograms in the calculation, the mean diffraction efficiency is 2.3% with a dynamic range of M# ϭ 8.4.
With our 800 m thick photopolymer, we obtained a dynamic range of M# ϭ 8.7. InPhase Technology 7 has developed a material which has values of M# between 17 and 50 for 1.5 mm thick layers. The dependence of M# on thickness is lineal. 6 Therefore from this dependence it can be seen that if our material were 1.5 mm thick, its dynamic range would be M# ϭ 16, which is of the same order of magnitude as that of the InPhase materials. In addition, Hsu et al. 6 obtained values of M# ϳ 2 for 1 mm layers. The value obtained in our study is clearly higher.
Conclusion
The results obtained when 60 holograms are stored in a material based on PVA-acrylamide have been presented. With the composition used to manufacture the material, it has been shown that this material is capable of reaching a dynamic range of M# ϭ 8.7, with an angular selectivity of 0.5°. Using these data, two multiplexing methods-angular multiplexing and peristrophic multiplexing-were combined to store 60 holograms, and diffraction efficiencies of 1.8% were obtained. An exposure schedule was applied to the recorded holograms to calculate the exposure times necessary to obtain uniform diffraction efficiencies. Not only was it possible to obtain uniform diffraction efficiencies, but also the dynamic range was more fully exploited, thereby increasing the mean diffraction efficiency to 2%.
